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A typical question we ask about the
molecular components of a cell is,
how do they contribute to the cell’s
physiological function? Another perti-
nent question, however, has to do with
their simultaneous contribution to the
cell’s structural properties. It is impor-
tant to understand how the molecular
components act together as a whole to
give rise to cellular function, but is
that whole structurally sound? The
question of how the structural resil-
ience of the cell vis a` vis its specific en-
vironment can be affected by mutant
enzymes or mislocalized components
is a critical one for understanding cel-
lular function and pathology. In this
issue of Biophysical Journal, Haeri
et al. (1) tackle this question in the
case of the rod photoreceptor outer seg-
ment. The rod photoreceptors of the
vertebrate retina are the cells that are
responsible for dim light vision and
have achieved the ultimate in sensitiv-
ity, being able to detect single photons
(2). Phototransduction, the conversion
of light to electrical signal, takes place
in the outer segment of the rod photore-
ceptor. The outer segment is a cylin-
drically shaped, modified cilium that
contains several hundred flattened
membrane sacs, the disks, stacked on
top of each other (see Fig. 1). The
disk membranes are packed with the
primary light detector, the visual pig-
ment protein rhodopsin. The largehttp://dx.doi.org/10.1016/j.bpj.2012.12.023
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these hundreds of disks accommodates
a large number of rhodopsin molecules,
ensuring a high probability of absorp-
tion and detection of incident photons.
Absorption of a photon activates
rhodopsin and triggers a cascade of
reactions that take place on the surface
of the disk and result in a reduction in
the concentration of cyclic guano-
sine monophosphate, the intracellular
transmitter of phototransduction. Pho-
totransduction is arguably the best-un-
derstood signal transduction process,
and our detailed understanding of this
process ranges from individual molec-
ular components to the light response
of the cell. This level of understanding
is exemplified by the development of
mathematical models that can quan-
tify the contribution of outer-segment
cytoarchitecture to the shaping of the
light response (3,4).
Outer segments undergo a continu-
ous process of renewal, with tens of
new disks being added daily at their
base. The addition of new disks at the
base is balanced by the daily phagocy-
tosis of disks at the tip of the outer seg-
ment by the adjacent retinal pigment
epithelial cells, which maintains the
outer-segment length (5). The forma-
tion of new disks depends on the
trafficking of newly synthesized com-
ponents, including rhodopsin, from
the cell body into the outer segment
(6). Proper trafficking and targeting
of these components are critical for
maintaining the integrity of outer-seg-
ment structure and function, and have
been studied for many years (7,8).
However, a quantitative model linking
the structural properties of the outer
segment to its composition has been
lacking. This gap in our understanding
is now being addressed by Haeri et al.
(1), who have developed a novel (to
our knowledge) tool for analyzing the
relation between the axial composition
and structural properties of outer seg-
ments. This tool consists of a model
of the mechanical rigidity of the rod
outer segment based on its axial
density. With this tool in hand, andusing high-resolution confocal imag-
ing, they analyzed outer-segment flex-
ing and disruption in living rods from
transgenic Xenopus expressing a fluo-
rescently tagged rhodopsin (rhodop-
sin-enhanced green fluorescent protein
(eGFP)). The eGFP-rhodopsin pro-
vided the means to monitor variations
in the axial density of the outer seg-
ment, variations that depend on the pho-
toreceptor’s history of light exposure.
Analyzing experimental observations
with the model, they estimated a bend-
ing stiffness for the Xenopus rod outer
segment on the order of 105 nN.mm2,
which is several orders of magnitude
larger than that reported for other cilia.
An important insight provided by the
model is the way in which the pattern
of axial density variation affects the ri-
gidity of the outer segment. The model
makes interesting predictions that are
readily testable experimentally; for
example, outer segments are predicted
to tend to break in regions of higher
density, consistent with the observation
of breaks mostly in regions with higher
levels of eGFP-rhodopsin. Another
prediction of the model is that thinner
outer segments, such as those of mam-
mals, are less fragile than the wider
ones of amphibian species.
For photoreceptor cell biology, the
model provides a new framework for
thinking about long-standing observa-
tions of density variations along the
length of the outer segment (9), and
the banding expression of eGFP-rho-
dopsin in transgenic Xenopus (10). It
provides a means of analyzing how de-
fects in the trafficking of components
from the cell body to the outer segment
can result in axial inhomogeneities and
structural weakening. Such analysis
will be especially valuable because
molecular defects can result in major
outer-segment malformation, or even
complete failure to form outer seg-
ments or their components (11,12).
Beyond photoreceptors, this work rai-
ses a host of intriguing questions about
FIGURE 1 Structure of the vertebrate rod outer segment. A mouse rod outer segment is shown on the
left for illustrative purposes. The width of a disk, the spacing between disks, and the distance between
disks and the plasma membrane (PM) are similar across species; the diameter and length of the outer
segment vary widely.
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other rod-like organelles. Outer seg-
ments may lead a long and quiet life
in the retina, but cilia in other cell
types beat to generate sufficient force
to propel mucus (13), and the stereoci-
lia of the hair cells in the ear have to
sustain and respond to the forces gen-
erated by sound waves (14). Cilia are
found on almost all vertebrate cells
and play an important role in normal
cell function. Defects in their function
are associated with ciliopathies, a
diverse group of developmental and
degenerative diseases (15).REFERENCES
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